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What is time? 


• Philosophical answer: tomorrow Carlo Rovelli will tell us 


• Operational approach: time is what can be measured by a clock 
> E.g. GR (talks about "measuring rods'' and "clocks") 


[P. W. Bridgman, "The logic of modern physics”, 1927] 
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Unbounded below! 
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: ifi Weyl form 
= ifi Heisenberg form 


[J.C. Garrison & J. Wong. J. Math. Phys., 11:2242- 2249,1970] 
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Our setup: describe "any" quantum clock 

|pc(0)5 He, {F{s)}ses 


Initial state \ POVM elements 

Evolution 

Define "error operator" E{t): 


—i 


To, He 


Pc{t) = Pc{t) + E{t) 


Tc := J sF{s)ds 
characterizes errors. E.g. {fc){t) = t-\- f dt'ti E{t') 

Jo 
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• Time in non-relativistic quantum mechanics: 
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Clock examples: 

> Salecker-Wigner-Peres clock [Asher Peres, 1986] [Saleckeret.al. 1958] 


tr 
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Time in non-relativistic quantum mechanics: 


tr 


m =-i{m\ 


Tc,H, 


\m} -1 


Clock examples: 

> Salecker-Wigner-Peres clock [Asher Peres, 1986] [Saleckeret.al. 1958] 


tr 


m 


= -i, 


n 


t = n = 0,1,2,3, 

dr 


^ "Sin clock" [ v. Buzek, et. al., PRL (1999) ] 


tr 


m 


^ l/dl 


vt 


^ Quasi-Ideal Clock [ M. P. Woods, et. al., Annales Henri Poincare (2018)] 


tr 
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— dLfj 
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Approach: 



Previously used to study: 

Universal decoherence due to gravitational time dilation [Pikovski et ai. Nat. phys. 2015] 
Quantum formulation of the Einstein equivalence principle [zych et ai. Nat. phys. 2018] 
Entanglement of quantum clocks through gravity [Ruiz et ai. pnas. 2017] 
etc... 


Making the clock relativistic- 


Post Newtonian metric: 


9m 


1 + 


+ o 


$(a:) 


Qij 




^ 2$(x) 


+ 0 


^{x) 


$(r) ~ ^(^o) + gx 


This gives: 


T = 


\ ^ 


_ 3 _ , 9 ^ , 

2c2 c2 c2 


Clock rest frame time 
(proper time) 



Lab frame time 
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Making the clock relativistic- 


• Clock's energy: 

= (E/c^p) 

(4-momentum conservation) 

Y 

■E’lab = \J-g00 {E'iest + VjP^C^) 


2 

-^rest 7TIC -|- -E/int. clock 

• Now quantize (E ^ H, x ^ x, p ^ p): 

Weak gravity 
Low velocity 

Rest-mass energy » internal energy 







Making the clock relativistic- 


Ti = Tic ^ Ti\c -► Clock's Kinematic d.o.f. 

U Clock part |p^(0), H^, {F(s)},6s} 


• Resulting quantized Hamiltonian: 


H = He+ + Heic 


^ck 


2 , ^ , P 

me + mgx + 


P 


= Hr 


p 


2m Sm^c"^ 
gx 


2m?c^ 


• Procedure: 

Let clock evolve unitarily according to 
Measure clock with POVMs {^(s)}sg5 
• t \s time in lab frame 
■ {Tc){t) is time in rest frame 


XtH q\!^ 
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Pk(0) 


Consider /Ok(0) = Gaussian wave packet 

iPo/m)^ + (o-p/mf gxQ 
- ^2 -+ 


2i2 


gt g t 
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relativistic factor 


mc‘ 
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(only depends on kinematic properties) 


Consider /Ok(0) = Gaussian wave packet 

gxQ 



R(t) := - 


C.f. Relativity prediction: 


+ ^ + (Po/m)^ 


T = t -\-t 


U 


0 


2c2 


+ 


gxo , Vogt I {gt 
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3 V c 


















Non classical states of motion 


Consider 

|V’>k = \/« l^i>k + v'l-a |t/) 2 >k 
tY[E{t)] ~ 0 "good clock" 
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"Interference 

term” 


Is Tcoh{t) experimentally detectable? 

■ Aluminum atom, ct = 1/2, = 2rAi, Axq = 4rAi, t = 1 s 

Tcoh{t) ~ 10“^® s 

















Leaking temporal information^ 

• For simplicity consider ^ = 0 and consider 1 order higher in 1/c 


CFrit) = CFT,NK{t) + + 0‘T,m{t) 

8cr7^,NR(^) 


(JT,i{t) := 
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n,Sp 


dp bXplk > neZ 


State 


(n—l/2)<5p 





su) J-D 


Leaking temporal information^ 

For simplicity consider ^ = 0 and consider 1 order higher in 1/c : 


O ’ rit ) = <^T,nr(0 + + 0' T , m { t ) 


Measure kinematic d.o.f.: 

>(n+l/2)(5p 



n 


n,Sp 


{n—l/2)Sp 


dp bXplk > neZ 


State 



q = Sp/ap 

po=0 

Po = 0 

<^T,nr(0) = 1 
(7a; = 1 nm 







Conclusions^ 


Demonstrated that "time dilation for quantum clocks undergoing classical motion 
is universal" 

Derived "quantum correction due to interference' 

> Might be measurable if using "good clocks" ( ti[E{t)] ~ 0 ) 

Investigated how knowledge of the kinematic degree of freedom increases clock 
accuracy 


Open questions^ 


• What happens if the clock is confined? 

> Can the quantum contribution be measured now? 

> Proposal of concreate experiments possible? 


Read paper: arXiv:1904.02178 



